A method is introduced that allows the construction of pseudopotentials in the density-functional theory. This method is based on a procedure worked out by one of the authors ͓J. Phys. B 26, 43 ͑1993͒; Philos. Mag. B 69, 779 ͑1994͔͒ for determining Kohn-Sham potentials, one-electron orbitals, and energies from the electron density. The Hartree-Fock densities of Bunge, Barrientos, and Bunge ͓At. Data Nucl. Data Tables 53, 114 ͑1993͔͒ are used to obtain the Kohn-Sham potentials of the Li, Na, and K atoms, and then Phillips-Kleinmantype ͓Phys. Rev. 116, 287 ͑1959͒; 118, 1153 ͑1960͔͒ pseudopotentials are calculated. The arbitrariness of the pseudo-orbital is removed by minimization of the kinetic energy.
I. INTRODUCTION
Pseudopotentials are widely used for a large variety of problems. Recently, pseudopotentials have been introduced into the density-functional theory ͓1͔, too. These are based on the local density approximation ͑LDA͒.
The problem of obtaining the Kohn-Sham potential with the knowledge of the electron density has become of considerable interest ͓2,3͔. Several methods have already been proposed to solve this question ͓4-9͔. One of the authors has also presented such a method for determining Kohn-Sham and exchange potentials in the exchange-only densityfunctional theory ͓5͔. Here, pseudopotentials determined by this method are presented. These are exact pseudopotentials of Phillips-Kleinman type ͓10͔.
II. KOHN-SHAM POTENTIAL IN THE DENSITY-FUNCTIONAL THEORY
First, the method obtaining Kohn-Sham potential v KS , one-electron orbitals u i , and energies i is summarized ͓5͔. Usually the Kohn-Sham equations
are solved self-consistently using some kind of approximation for the exchange-correlation potential v xc . If we know the density, however, we can solve the inverse problem, i.e., we can determine the Kohn-Sham potential. A possible solution to this problem is the following. Starting out from an approximate potential the Kohn-Sham equations are solved and the density n (1) of the first iteration is determined. Then the Kohn-Sham potential of the second iteration is constructed and the Kohn-Sham equations are solved again. The process goes on until the density equals the input density.
If the process converges it converges to the true KohnSham potential corresponding to the input density because of the Hohenberg-Kohn theorem. It was found that the starting potential can be constructed using a simple LDA ͑e.g., X␣) potential. The Kohn-Sham potential in the (iϩ1)th iteration
is obtained from the potential and density of the ith iteration. This scheme with ␥ϭ0.6 leads to an appropriate convergence.
From the Kohn-Sham potential the exchange-correlation potential can be readily obtained. If the exact density is known, this procedure makes it possible to determine the Kohn-Sham potential exactly. If, however, only the HartreeFock density is available, one can obtain a very accurate exchange potential. This is not the exact exchange potential of the density-functional theory, though, because the Hartree-Fock density does not equal exactly the exchangeonly density functional density. This question is detailed in two recent papers ͓11,12͔. It was found ͓11,12͔ that the relative difference in the exchange energy is about 10 Ϫ4 ,
So, though the exchange potential and energy obtained from the Hartree-Fock density are not the exact exchange potential and energy, they are very close to the exact ones.
III. CONSTRUCTION OF PSEUDOPOTENTIALS
With the knowledge of the Kohn-Sham one-electron orbitals and energies, pseudopotentials can be constructed. The Let us treat a system with one valence electron only. The Kohn-Sham core orbitals are denoted by u 1 ,u 2 , . . . ,u n . The valence orbital is given by
where is the pseudo-orbital and ␣ i ϭ͗u i ͉͘. Substituting into the Kohn-Sham equation for the valence electron
we obtain the following equation for :
The local Phillips-Kleinman pseudopotential v p is given by
It was observed by Cohen and Heine ͓13͔ that the definition of the pseudopotential is not uniquely determined. They showed that the pseudo-orbital can be subjected to an additional requirement that does not disturb the exactness of the theory. The most plausible additional requirement, suggested also by Cohen and Heine, is the condition that the pseudoorbital should minimize the expectation value of the kinetic energy operator, i.e., it should be the ''smoothest'' pseudoorbital. In this work this condition was applied to determine the pseudo-orbital , i.e., the pseudopotential coefficients ␣ i .
The valence kinetic energy T is given by the expectation value of the kinetic energy operator tϭϪ
Tϭ ͉͗tˆ͉͘ ͉͗͘
.
͑9͒
The minimization of T leads to ͗␦͉tˆϪT͉͘ϭ0.
͑10͒
Using Eq. ͑5͒ we obtain ͗u j ͉tϪT͉͘ϭ0 ͑ jϭ1, . . . ,N͒.
͑11͒
From Eqs. ͑5͒, ͑6͒, and ͑11͒ a set of equations can be gained for the coefficients ␣ i : 
Equation ͑12͒ can be solved for ␣ i self-consistently: the first iteration is obtained by inserting simply instead of in Eq. ͑9͒ and then Eq. ͑12͒ is a set of linear equations for the coefficients ␣ i . Then, using Eqs. ͑5͒ and ͑9͒, Eq. ͑12͒ is solved again to get the second iteration for the coefficients ␣ i . The procedure rapidly converges, leading to a selfconsistent solution. Then Eqs. ͑5͒ and ͑8͒ give the pseudoorbital and the pseudopotential v p .
IV. RESULTS AND DISCUSSION
First, Kohn-Sham potentials have been determined from electron densities. The Hartree-Fock data obtained recently by Bunge et al. ͓14͔ have been used to construct the input density. Calculations have been performed for the Li, Na, and K atoms.
From the Kohn-Sham orbitals pseudo-orbitals have been calculated by minimizing the kinetic energy. Table I contains our numerical results for the coefficients ␣ i and Figs. 1-3 show the pseudo-orbitals for these atoms. For comparison they contain the Kohn-Sham orbitals, too. All the orbitals are radial orbitals. As was expected, the pseudo-orbitals are rather smooth.
Then pseudopotentials have been determined from Eq. ͑8͒. The Kohn-Sham potentials v KS , the pseudopotentials v p , and the modified potentials v KS ϩv p are presented in Figs. 4-6. The potential barrier which prevents the valence electron from falling into the core can be clearly seen.
As the input density was the Hartree-Fock density in our calculations, it is very natural to make a comparison with calculations of Szasz and McGinn ͓15͔. They determined pseudopotentials of Phillips-Kleinman type from HartreeFock wave functions using the expression
where i HF and i HF are the Hartree-Fock core orbitals and orbital energies and HF and HF are the pseudo-orbital and the valence orbital energies, respectively. Figure 7 presents their and our pseudo-orbitals of the Li atom. These curves are quite close to each other. We have obtained similar results for the other two atoms. One can easily understand this as there is only a small difference between these close-to-exchange-only density-functional and the Hartree-Fock one-electron orbitals ͓5͔. The main cause of the difference between the pseudo-orbitals and HF , as can be seen from Eq. ͑5͒, lies in the difference of the coefficients ␣ i . Table I shows these coefficients. The differences between the pseudopotential and modified potential determined here and the ones calculated by Szasz and McGinn ͓15͔ are quite significant, as can be seen in Fig. 8 for the Li atom. Comparing Eqs. ͑8͒ and ͑13͒ we can observe that the reason for this difference is the deviation of the one-electron eigenvalues. As Table II demonstrates, the highest one-electron orbitals are the same but all the others differ considerably ͓5,16͔. Here the Hartree-Fock energies of the core orbitals are the one-electron energies of the ions Li ϩ , Na ϩ , and K ϩ because Szasz and McGinn used them to construct the pseudopotentials.
In conclusion, we can state that a method is worked out to determine pseudopotential in the density-functional theory. This method makes it possible to determine an exact pseudopotential if the exact electron density is available. If, however, the input density is the Hartree-Fock density, a pseudopotential very close to the exact exchange-only one can be obtained. 
